Abstract
I. Introduction
Neodymium ion-doped nanomaterials have attracted reviving research interest due to their near-infrared (NIR) emission characteristics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Furthermore, these Nd ion-doped nanomaterials have come to the forefront in nanophotonics owing to their distinct electrical, optical and magnetic properties and found potential applications in diversed fields such as in light emitting diode, lasers, luminescent bio-labeling/optical bio-probes and bio-imaging [1, 2, 4, 8] . Nd 3+ ions have been extensively used in the laser crystals since it has abundant pumping levels, a 4-level scheme having both relatively high absorption and emission cross sections. These exceptional properties of Nd 3+ ion-doped nanomaterials arise from the fact that their optical transitions take place among internal 4 f -orbitals which are shielded from the environment by the 5d-orbital electrons [11] [12] [13] . It results in a narrow emission band with extremely stable wavelength regardless to certain extent of the external conditions in the matrix and trans- * Corresponding author: tel: +966 1 4676838, fax: +966 1 4670662, e-mail: aneesaansari@gmail.com parent in the wide spectral range. Nd spin-allowed transitions with fast response covering the spectral range 400-2000 nm wavelengths [2, 7, 10] . Additionally, multiple 4 f 3 → 4 f 3 spin forbidden transitions with slow decay in the range from 400 to 900 nm were also reported [2,10.14] . In most cases, optical bio-detection/bio-probe required fast response. Therefore, Nd 3+ ion-doped nanomaterials that have wider transparency region are expected to be a fastresponse luminescent bio-detector, which is attributed to 4 f 2 5d → 4 f 3 spin allowed transition [2, 7, 10] . By contrast, researches regarding slow response emission that originates from 4 f 3 → 4 f 3 spin forbidden transitions have not been carried out sufficiently and that motivated us to examine the luminescence properties following from the 4 f 3 → 4 f 3 spin forbidden transition in Nd 3+ doped nanomaterials. On the other hand, LaF 3 was used as a host matrix of Nd 3+ ions [6, 8, 9, 15] . This material is a wellknown host material for various phosphors because it has very low phonon energy and, thus, the quenching of the excited state of the lanthanide ions is minimal [9] . Therefore, this material is a promising nano phosphor matrix for next generation optoelectronic devices working in longer wavelengths. Due to its low phonon energy and high refractive index, it is expected to provide significantly high-radiative decay rates and low non-radiative relaxation rates of lanthanide excited state levels. The preparation and optical properties of Nd 3+ -ion doped LaF 3 nanomaterials have been investigated extensively [9, 16] . Sivakumar et al. prepared various mono-dispersed lanthanide (Ln = Nd, Eu, Tb and Er) ion-doped LaF 3 nanocrystals [9] . In another report, the solvothermal route was utilized for Nd ion doping into the LaF 3 crystal lattice [17] . Cui et al. [15] introduced Nd ions into the LaF 3 crystal lattice through co-precipitation method to investigate their luminescent character. Luo et al. [18] synthesized LaF 3 :Nd 3+ NPs (NPs) via the hydrothermal method and investigated the effect of different ligands on luminescent properties of the as-prepared NPs. Previous reports also indicate that processable nanostructures doped with infraredemitting lanthanides are of particular interest as active materials in biomedical sciences, lasers and light emitting diodes [7, 9, 10, 16] . To the best of our knowledge, this is first report that investigates the down-conversion luminescent properties of Nd 3+ -ion doped LaF 3 NPs on excitation from low wavelength to get emissions in the visible region. As part of an ongoing investigation into the down-conversion luminescence of Nd 3+ ion-doped LaF 3 NPs, well-aqueous dispersible, irregular and spherical shaped nanostructures were prepared by a simple one-pot co-precipitation process in the presence of ethylene glycol as a chelating agent. However, it has been reported that the luminescent efficiency of lanthanide ions were quenched dramatically when incorporated into NPs, which could be due to the large surface-to-volume ratio of NPs causing a number of dopant luminescent ions to reside on the NPs surface, which then forms surface defects and thus hampers optical efficiency [19, 20] . These surface ions would absorb some groups, such as −OH, −NH and −CH, which also noticeably quench the emissions of luminescent ions. In order to reduce these surface defects, similar insulating crystalline inorganic shells have been introduced to shield the lanthanide ions and therefore created the so-called core/shell nanostructure. However, weak solubility in an aqueous environment has become the main drawback of these core/shell structured nanomaterials and the silica surface coating over these luminescent core/shell NPs has found as an attractive alternate to overcome this drawback and improve solubility and colloidal stability in an aqueous solvent for applications in biomedical sciences [9, 21, 22] . These core, core/shell and core/shell/SiO 2 NPs display several nonoverlapping emission lines that cover the visible-to-near infrared region (400-800 nm) through down-conversion process.
In this study, comparative structural, thermal, optical band gap and photoluminescence properties are demonstrated and the effects of surface coating on crystallinity, energy band gap and emission properties are further investigated. 4 F was then added drop-wise under magnetic stirring. The whole solution was kept on a hotplate at 80°C under magnetic stirring to obtain a homogenous mixture. This homogeneously mixed solution was transferred to a 250-ml round bottle flask fitted with a reflux condenser for 4 h until complete precipitation. After cooling to room temperature, the white precipitate was segregated to the bottom. The product was collected by centrifugation, washed with distilled water and C 2 H 5 OH several times, and dried in an oven at 60°C for 6 h.
II. Experimental

Materials
Preparation of LaF 3 :Nd 3+ @LaF 3 NPs
For the preparation of LaF 3 :Nd 3+ @LaF 3 core/shell NPs, similar polyol process was used as discussed above. The as-prepared 0.500 g LaF 3 :Nd was dispersed with the help of ultra-sonication in 10 ml of distilled water. This dispersed NPs solution was mixed with magnetically stirred hot EG dissolved La(NO 3 ) 3 ×6 H 2 O (0.500 g) solution. After thirty minutes, an equal molar aqueous solution of NH 4 F was introduced into the foregoing mixed system under magnetic stirring at 80°C. Afterward, this suspension was refluxed at 80°C for 3 h, until the complete precipitation occurred. The white precipitates were centrifuged and washed many times with ethanol and distilled water to remove excess unreacted reactants. The core/shell NPs were collected after centrifugation and were then dried at ambient temperature for further characterization.
Preparation of LaF 3 :Nd 3+ @LaF 3 @SiO 2 NPs
The LaF 3 :Nd 3+ @LaF 3 @SiO 2 core/shell NPs were prepared through a versatile Stober method as follows [9, 21, 23] . The synthesized LaF 3 :Nd 3+ @LaF 3 NPs (50 mg) were well dispersed in a mixed solution of deionized water (50 ml), ethanol (70 ml) and concentrated aqueous ammonia (1.0 ml) in a three-neck roundbottom flask. Afterward, 1.0 ml of TEOS was added dropwise in 2 min, and the reaction was allowed to proceed for 6-7 h under continuous mechanical stirring. After stirring at room temperature, the silica-coated LaF 3 :Nd 3+ @LaF 3 core/shell NPs were separated by centrifugation, washed several times with ethanol and dried at room temperature for further analysis.
Characterization
Powder X-ray diffraction (XRD) analysis was performed at room temperature with the use of Rigaku Xray diffractometer equipped with a Ni filter using Cu K α (λ = 1.54056 Å) radiations. The morphologies of the samples were inspected using the field-emission transmission electron microscope (FE-TEM) equipped with an EDX (FETEM, JEM-2100F, JEOL, Japan) operating at an accelerating voltage of 200 kV. FTIR spectra were recorded with the Perkin-Elmer 580B IR spectrometer using KBr pellet technique in the range 4000-400 cm -1 . The UV-Vis absorption spectra were measured by Cary 80 spectrophotometer in the range of 190-600 nm. The photoluminescence spectra were recorded with Horiba Synapse 1024×256 pixels, where size of the pixel: 26 microns, detection range: 300 (efficiency 30%) to 1000 nm (efficiency 35%). In all the measurements, a slit width of 100 microns as employed, ensuring a spectral resolution better than 1 cm -1 .
III. Results and discussion
X-ray diffraction analysis was performed to examine the phase purity, crystal structure and crystalline size of the as-prepared products. All four samples exhibit all reflection planes of pure crystalline hexagonal phase LaF 3 (space group: P3cl (165)) as it can be seen from Fig. 1 , which are consistent with the ICDD No. 32-0483 and other literature data [24] [25] [26] . No second phase corresponding to an impurity was detected in the XRD patterns revealing that Nd 3+ has been effectively doped into the host lattice of hexagonal LaF 3 NPs. As shown in Fig. 1a , all reflection peaks are broad, revealing the nanocrystalline nature of the sample. However, the diffraction peak intensities have gradually increased with decreasing bandwidth after substantial growth of crystalline LaF 3 and an amorphous silica layer. This could be attributed to the systematic increase in the grain size of the nanomaterials after each surface modification. Furthermore, this finding is also indicating the successful surface coating around the core-NPs. Moreover, the characteristic peak of silica was not detected after one surface coating process, which may be due to thinner thickness and amorphous nature of the grafted silica layer. The average grain sizes of core, core/shell and core/shell/SiO 2 NPs calculated from the most strong XRD peaks at 111, 300 and 113 using the Scherrer formula are 10, 20 and 25 nm, respectively. The epitaxial growth of the crystalline LaF 3 and amorphous silica layers are the main reason for the increase in the crystal size and improvement in crystallinity as observed from sharp diffraction peaks (Fig. 1) .
Transmission electron microscopy (TEM) images provide further evidence for the silica surface modification of the core/shell-NPs. As shown in Fig. 2 , the size of each non-modified nanoparticle is in the range 10-20 nm whereas the sizes of the silica modified core/shell/SiO 2 NPs, which are observed as agglomerated NPs, can even go up to 20-30 nm. The aggregation is mainly attributed to the property of surface covered amorphous silica; in which surface silanol (Si−OH) groups enhance hydrogen bonding as well as Van der-Waal forces in aqueous solvents and these bonding along with large specific surface area of the silica modified core/shell/SiO 2 NPs increase aggregation in aqueous solvents. Furthermore, as the NPs are prepared in an aqueous environment at room temperature, their surface may be covered by a large number of hydroxyl groups either chemically bonded or physically adsorbed to the surface. In that case, water molecules may be adsorbed onto the NPs as a ligand coordinating with lanthanide ions. This was confirmed by the FTIR spectra as shown in Fig. 5 . These hydroxyl groups and H 2 O render the NPs water-soluble. It can be clearly seen from Figs. 2a and 2c that the smooth and uniform amorphous silica shell was successfully grafted over the irregularly shaped core/shell NPs. No evidence of nonsilica coated core-NPs or pure silica core-nanospheres is observed in the TEM micrograph. The silica surface coating can be clearly distinguished by colour, where the luminescent core is dark black and silica is in light gray colour with a smooth surface (Fig. 2d) . As seen in Fig. 2a , the luminescent core-NPs display mean diameter about 15 nm while the thickness of the silica shell is found to be about 8 nm yielding an overall diameter of around 27 nm for the coated particles. Figures 2a  and 2c show the size of the core/shell/SiO 2 NPs and their monodispersity. The selected area electron diffraction (SAED) patterns of the core/shell/SiO 2 also confirm that luminescent core structures are crystalline and SiO 2 shell structures are non-crystalline (Fig. 2b) . A highresolution TEM image of the core/shell/SiO 2 NPs reveals their crystalline nature (Fig. 2a) , and the SAED pattern (Fig. 2b) of the corresponding sample confirms that these luminescent core-NPs are in hexagonal structure with poly-crystallinity. The SAED pattern (Fig. 2b) shows the polycrystalline diffraction rings corresponding to the specific (002), (111), (300), (302) and (221) planes of the hexagonal LaF 3 lattice (ICDD No. 32-0483) [24] [25] [26] and therefore indicates that the obtained NPs are all highly crystalline and maintain the same hexagonal crystal structure during the synthesis process and are in good agreement with the observed X-ray diffraction results. EDX analysis was also performed to examine the surface silica coating on the core NPs (Fig. 3) . The EDX analysis confirmed the presence of doped constituents such as La, F, O, Nd and Si in the host nanophospher samples. These observations provide additional evidence for the formation of core/shell/SiO 2 nanostructure. The strong C and Cu signals observed in EDX were from carbon-coated copper TEM grid. Figure 4 illustrates the thermogravimetric analysis of the as-prepared core, core/shell and core/shell/SiO 2 NPs from room temperature to 900°C under nitrogen atmosphere. From the TGA curves of the core and core/shell NPs, approximately 6% and 3.5% weight loss was observed in first stage in the temperature range of 25-400°C, which correspond to loss of organic moieties (EG) or dehydration of crystalline water molecules present on the surface of the core and core/shell NPs. After 400°C, TGA curve exhibits a sluggish weight loss of up to 900°C, which could be due to burn or elimination of surface-linked CO 2 . Notably, TGA of the core/shell NPs exhibit high thermal stability with respect to the core NPs, indicating that the inert crystalline LaF 3 shell has been successfully grafted around the core NPs. However, the silica surface modified core/shell/SiO 2 NPs reveals two stages decomposition. First, weight loss took place in between 25-400°C around 6% weight loss in the TGA curve, which was ascribed to the evaporation of water molecules on the surface of NPs. The second stage weight loss is associated with the combustion or burning of surface silica, transforming them into crystalline form or silicate. FTIR spectroscopy was performed to verify the grafting of amorphous silica surface and attached surface functional groups as well as to analyse the hydrophobicity of the as-prepared samples. As shown in Fig. 5 , FTIR spectra displayed main characteristic infrared absorption bands before and after shell formation around the core-NPs. The asymmetric, symmetric stretching, bending and wagging vibration modes of physically absorbed residual water bands appeared at around 3400, 1640 and 1430 -1 , respectively and were assigned to hydroxyl groups (O−H) [21, 23] . A strong doublet infrared absorption band at around 1080 -1 and two weak intensity peaks at 798 and 463 -1 corresponding to the stretching and bending vibration modes of surface modified amorphous silica (Si−O, Si−O−Si, and Si−OH groups) were also observed [27] . These observations suggest that the amorphous silica has been successfully grafted around the core/shell NPs as verified by the TEM and EDX.
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Optical properties, solubility, and colloidal stability characters of the as-prepared samples were probed by UV-Vis spectroscopy. Fig. 6 illustrates the absorption spectra of core, core/shell and core/shell/shell NPs in distilled water over the range of 200-600 nm. As seen in Fig. 6 , a significant enhancement and redshift in absorption edge was observed due to optically active silica that has been grafted to the surface of core/shell NPs. We observed a similar trend in the absorption spectra measured in absolute ethanol. It was also confirmed by FTIR spectroscopy that the surface of prepared samples is covered by a large number of hydroxyl groups which render them aqueous-soluble. These surface hydroxyl groups play an important role for functionalization and their further use in biological systems that demand biocompatibility and non-toxicity. Furthermore, we analysed optical absorption spectra to examine the band gap energy of the as-synthesized nanophosphors and, thus, to reveal the correlation between band gap energy and the crystalline size of the nanoproducts. The band gap energy was determined from the sharply increasing absorption region according to Tauc and Menth law [28] . The inset of Fig. 6 shows the (αhν) 2 versus the photon energy (hν) plots, where experimentally calculated band gap energy for the core, core/shell and core/shell/SiO 2 NPs are 3.62, 3.25 and 3.07 eV in H 2 O and 3.55, 3.08 and 2.83 eV in absolute ethanol, respectively. It is observed that band gap energy has gradually decreased after surface grafting of core NPs indicating that surface coating brought an increase in the grain size of the nanophosphors. This result was also supported by the XRD, TEM, TGA and FTIR observations. , respectively [2, 7, 10, 13, 14, 16] . The obtained peaks were assigned to the energy levels of Nd 3+ [2, 7, 10, 13, 14] . The shapes and peak positions of all emission transitions are similar in the core/shell and core/shell/SiO 2 NPs, which could be due to the similarity of crystal structures of the as-prepared nanomaterials, which were not altered after surface growth of crystalline passive LaF 3 and silica layers. In all the samples, the emission transition ( 4 G 5/2 , 2 G 7/2 ) located at 635 is the most intense which is due to its hypersensitive character [2, 10, 29] . This behaviour is in sharp contrast with other typically weak and consistently unvaried normal 4f -4f transitions. The highest peak belongs to the highest energetic one and intensities of other lines are smaller and gradually shifting to longer wavelengths. Three other emission transitions were not able to be recorded due to the limited spectral range of the spectrofluorometer. As seen in Fig. 7 , the emission transitions bandwidth are much broader in the core/shell/SiO 2 NPs than their respective core and core/shell NPs. In the case of core/shell/SiO 2 NPs, a high intensity and broader band is observed between 400-500 nm range, which could be caused by silica emission (Fig. 7) .
When the LaF 3 :Nd NPs were coated with LaF 3 shell, the emission intensity is remarkably increased. The significant increase in the luminescence of NPs can be attributed to the beneficial influences of the LaF 3 shells. Additionally, it verifies the passivation role of the LaF 3 inert-shell, which protects the Nd 3+ ions in the luminescent cores from non-radiative transitions caused by surface defects [19, 20, 30] . However, the emission intensity has greatly changed after the growth of an amorphous silica layer. The remarkable quenching in the emission spectrum can be attributed to the successful modification by the silica surface. The amorphous silica layer has a large number of silane (Si−OH) functional groups surrounding the core/shell NPs, which scatters the incident and emission light and thus suppress the emission intensity [28] [29] [30] . Furthermore, this high phonon energy species (Si−OH) and/or large amount surface density defects act as radiation traps which enhance the nonradiative transition rate causing the reduction of emission intensity. Moreover, it is particularly relevant to point out that lanthanide ion-doped NPs may also exhibit surface lanthanide species. This would then cause Figure 7 . Photoluminescence spectra of the core, core/shell and core/shell/SiO 2 nanoparticles the inter-ionic spacing to be small and hence quench emission transitions. Lastly, aqueous solubility and colloidal stability of the as-prepared luminescent seed NPs are crucial for their application in luminescent biological tags, since the NPs will be exposed to several biological fluids.
IV. Conclusions
Highly dispersed and pure hexagonal phase of LaF 3 :Nd (core) and core/shell NPs were prepared successfully using co-precipitation process and then coated with an amorphous silica layer to form core/shell/SiO 2 NPs. XRD and TEM images clearly revealed the nanocrystalline size with irregular spherical shaped NPs with an average crystallite size of 21 nm. TEM images showed that the amorphous silica layer has been effectively grafted around the core/shell NPs, which was confirmed by FTIR spectral study. The optical properties of the NPs were greatly affected by the silica layer encapsulation because of the influence of the surface reform. This is ascribed to the formation of a large number of silanol functional groups that enhance the nonradiative transition rates and suppress emission intensity. These surface silanol functional groups have assisted in improving their solubility and colloidal stability in aqueous solvents. The as-prepared core/shell/SiO 2 NPs have tremendous potential applications in biolabeling and photonics-based bio-devices.
